Abstract. An evaluation is made of the thermal energy consumed in the heat-technology production of solid composite fuel from low-grade organic raw materials. It is shown that the heat of decomposition of the organic mass and the combustion of the by-products of heattechnology may be sufficient to cover all the energy needs for processing peat, brown coal and wood chips. Producing solid composite fuel from sapropel requires external resources to compensate for part of the heat consumed. Calculations show that it is possible for the thermal processing of raw materials to proceed autothermally due to the heat of decomposition when the moisture content at the reactor inlet is limited: for peat it should be no more than 35%, 54% for brown coal, and 37% for wood chips. The low heat of decomposition of the sapropel organic mass means that its thermal processing cannot proceed autothermally.
Introduction
The gradual depletion of high-quality energy resources such as natural gas and coal, as well as the need to use them in the chemical industry and metallurgy, has made it necessary to take a new look at the future of the energy industry. Currently more than 70 countries have adopted national programs aimed at increasing the share of renewable resources in the fuel and energy balance [1] .
As a model for the evolution of the energy industry, the Russian Federation has developed a program called "Russia's Strategy for Energy Development up to 2030", which was approved by the government and envisages a gradual decrease in natural gas and replacing that energy with renewable resources, low-grade organic raw materials (LR), such as peat, biomass, low-grade brown coal, sapropel, etc. It has also been noted that it would be advantageous to use LR in areas with a decentralized energy supply that receive energy from stand-alone power plants running on fuel that has been brought in. Most of this fuel is supplied by commercial organizations of the secondary market after resale, which, along with the annual increase in transportation fees, raises its costs.
LR in the natural state is rarely used as a fuel due to the high operating costs associated with traditional methods of burning it. These expenses are due to the high moisture and ash content of LR, which give it a lower calorific value based on the operating conditions and correspondingly high costs, and the need to pre-dry it. Moreover, the high moisture content causes the raw materials to be sticky and congeal when they are transported in the winter [2] , requiring additional time and money to heat a Corresponding author: TabakaevRB@tpu.ru railcars. LR has high sifting values when used in bed combustion systems because of its low mechanical strength and high friability. For decades researchers have been looking at ways to use LR effectively in the energy industry, and as a result, it has been processed into fuel briquettes, has been gasified, has undergone catalytic combustion, biofuels have been made from it, etc. One of the promising and popular solutions has been the heat-technology processing of LR into energy products which are then used to manufacture solid composite fuel (SCF) -fuel briquettes and pellets. However, one of the main criticisms of this process [3] is that thermotechnical processing wastes an excessive amount of energy resources and raw materials and produces too many environmentally harmful emissions.
The purpose of this research was to determine the thermal energy consumed when producing SCF from low-grade raw materials using the heat-technology developed by the authors.
The main aspects of the heat-technology
The heat-technology [4] [5] [6] consists of the preliminary thermal processing of LR into energetically valuable products (carbon residue and pyrolysis condensate) and the subsequent formation of SCF (Fig. 1) . We chose pyrolysis at a temperature not exceeding 450 qC as the thermal processing method for the LR. This process temperature allowed us to use available, regular-grade carbon steel to make the technical equipment, thereby minimizing the cost of materials and assembly.
The gas produced as a by-product of thermal processing was combusted to cover the thermal losses of the heat-technology. Figure 1 . Diagram of processing solid composite fuel: G 0 is the LR flow, kg/s; W t is the moisture content of LR, %; G 1 is the LR flow after drying in dryer 1, kg/s; W 1 is the moisture content of LR after drying, %; G lp is the flow of volatile products released during pyrolysis, kg/s; G yo is the flow of carbon residue produced in the pyrolysis, kg/s; D SCF is the SCF production rate, kg/s; G g is the gas flow rate, kg/s; G pc is the flow of pyrolysis condensate, kg/s.
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The SCF is formed with a binder obtained by dissolving dextrin in the pyrolysis condensate in a ratio of 1:10 [4] and carbon residue with particle sizes less than 2 mm. For this, carbon residue is mixed with a binder in a ratio of 2:3, the SCF is formed and the brick is dried at from 20 to 40 qC for making briquettes and at from 20 to 80qC for pellets [5] .
Experimental setup and study technique
The thermotechnical characteristics of the initial LR obtained by processing products and the SCF were determined by standard methods (GOST Preliminary thermal processing of LR was conducted with laboratory equipment (Fig. 2) . The LR was loaded into reactor 1, after which the reactor was hermetically sealed and placed in heating element 2, carrying the heat to the reactor over its entire cylindrical surface. The heating level was set with autotransformer 3, focusing on the readings of ammeter 4 and voltmeter 5. A system of thermocouples 6 on top of the fuel bed and in the fuel bed (in the centre and in the periphery) was used to measure the temperature of the process, and a TM902C thermometric sensor connected to them. The refrigerator 8 and refrigerated tank 9 were added to capture the volatile products (fumes of pyrogenetic water and tar, gas) generated during thermal processing that left reactor 1 via heatresistant hose 7. Gas samples were taken for analysis at the junction of refrigerator 8 and tank 9. When the process ended, the carbon residue was removed from air-cooled reactor, the condensate from tank 9 was passed through filter paper to separate pyrogenetic moisture and tar. The resulting products were weighed, and the mass of the gas was determined as the difference between the mass of the initial raw material and the mass of the other products (semi-coke, pyrogenetic moisture, and tar).
The heat of decomposition of the organic mass was determined by taking the heat emitted by the dry raw material and subtracting from it the total heat emitted by all the resulting products, taken as 1 kg.
The SCF bricks were made with stamping forms (Fig. 3) . The strength properties of the SCF were determined according to standard methods (GOST 21289-75 and GOST 18132-72). 
The results of studying the SCF obtained
The production of SCF was investigated using several types of LR from the Tomsk region: peat from Kandinsky deposits, brown coal from Talovsky deposits, wood chips from different tree species, and lake sapropel from Karasevsky deposit. As a result of the pyrolysis of these LR (at 450qC, raw material heating rate of 10 qC/minute), the material balance is given (Fig. 4) . Low-temperature pyrolysis of dried LR is accompanied by a positive heat emission of 0.33-3.69 MJ/kg [5] , which is characteristic for fuels in the early stages of metamorphism. When the gas byproduct of heat-technology is burned, from 2.70 to 6.67 MJ of thermal energy can be obtained per kilogram of dry processed raw materials. Thus, in the course of thermal processing, 26-38% of the possible heat emitted from the LR can be directed to cover the thermal needs of producing SCF.
The characteristics of the LR and the SCF obtained from it with this heat-technology are shown in Table 1 .
Due to the nature of processing, the SCF has a higher ash content and less volatile substances than the initial LR, but its lowest calorific value is 2.1-6.8 times higher [6] . Moreover, the fuel has mechanical strength, according to GOST R 54248-2010, sufficient for use in the housing and utilities sector: 100% resistance to fracture when dropped, and a compression resistance of over 0.3 MPa (test method GOST 21289-75). 
Heat consumed to produce SCF
In the production of SCF, thermal energy is needed for drying the initial raw material, processing it, and drying the brick. The necessary heat can be estimated as follows.
Heat to dry the LR:
where r is the heat of vaporization, kJ/kg. Heat to dry the SCF brick (at a 2:3 ratio of carbon residue to binder):
Heat for the thermal processing of LR can be divided into several components: evaporation of residual water (Q tp1 ), heating the raw material to the temperature at which thermal decomposition starts (Q tp2 ), pyrolysis (Q tp3 ), loss with the physical heat of volatile products (Q tp4 ). The calculation must take into account the heat loss of the decomposition of organic mass of the LR (Q dec ) and the heat loss into the environment (Q 5 ). Thus, the formula for determining the heat required for thermal processing is:
where LR is the heat of decomposition of the organic mass of LR (determined by [5] ).
Assuming that the heat of decomposition of the organic mass of LR (Q dec ) will be sufficient to cover the heating needs (Q tp1 ,Q tp2 ,Q tp3 ,Q tp4 and Q 5 ), then (3) will be:
In this case finding the solution comes down to determining the moisture content of the LR after dryer 1 (W 1 ). When the LR enters the reactor with moisture content W 1 less than calculated, the pyrolysis process will proceed autothermally.
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01057-p. 5 A source of heat in addition to the heat of decomposition of organic mass for this thermotechnology is heat (Q g ) from the combustion of gas. The results of the thermal calculation of small-tonnage production of SCF (45 tons/day) are shown in Table. 3. Here it is assumed that, due to long-term outdoor storage after extraction, the initial LR will enter drier 1 with a moisture content of 45% [7] .
The calculation shows that when processing peat, brown coal, and wood chips into SCF, the heat generated by the decomposition of the organic mass and the combustion of gas is sufficient to cover the thermal needs of heat-technology. Moreover, low-temperature pyrolysis can proceed autothermally when LR is dried in dryer 1 to the following moisture contents (W 1 ): 35% for peat, 37% for wood-chips, and 54% for brown coal (there is no need for drier 1).
When producing SCF from sapropel, external resources are needed to cover about 1700 kW of heat consumed. 
Conclusions
1) Using the heat of decomposition of the organic mass of fuel and the heat of combustion of the byproducts of thermal processing, it is possible to completely cover the thermal needs of the heattechnology production of solid composite fuel from peat, brown coal, and wood chips. Producing fuel from sapropel requires external resources to compensate for part of the heat consumed.
2) Low-temperature pyrolysis of these low-grade raw materials can proceed autothermally due to the heat of decomposition of the organic mass, provided the water content of the raw materials at the reactor inlet does not exceed the following: 35% for peat, 54% for brown coal, and 37% for wood chips. For this, the initial raw material must be preliminarily dried. The low heat of decomposition of the organic mass of lake sapropel means that its thermal processing cannot proceed autothermally.
